Control of soil-borne plant diseases is a difficult subject in agriculture. Conventional treatment processes involve disinfection using methyl bromide, chloropicrin, or other related chemicals as fungicides. 1) But an international treaty decided on prohibition of methyl bromide until 2005 because of its property of destroying the ozone layer.
2) Hazardous chloropicrin is not desirable. Under the conditions, an alternative method for effective protection of plants from soil-borne diseases is eagerly anticipated, and biological control and other non-chemical methods have received increasing attention, for example, in control of tomato bacterial wilt. [3] [4] [5] [6] From the viewpoint of protection of the natural ecological environment without the use of toxic chemicals, slow sand filtration for exclusion of the influence of pathogenic microorganisms is an important trial. 3, 5) In this study, we attempted to develop a new green chemical method for controlling soil-borne plant diseases taking protection of the natural environment carefully into consideration, and investigated control of tomato bacterial wilt caused by Ralstonia solanacearum using a novel methodology.
Our fundamental strategy includes three important green principles. In the first place, we avoided disinfection, because use of hazardous chemical fungicides is not desirable for the protection of ecological environment. In the second place, we avoided poorly biodegradable chemical materials, because they show strong persistence in soil and remain unchanged in the natural environment for a long period. In the third place, we tried to reduce infectious contact between the roots of plants and microbial cells in soil based on a novel and unique principle established by our research group. For this purpose, we used an equimolar copolymer of Nbenzyl-4-vinylpyridinium chloride with styrene (PBVPco-ST) that captures microbial cells alive on the surface.
We have reported capture of microbial cells in water on the surface of cross-linked poly(N-benzyl-4-vinylpyridinium chloride) (PBVP) in a living state. 7) Removal of bacteriophage 8) and pathogenic human viruses 9) by capture on cross-linked PBVP, as well as removal of microorganisms from water by filtration using nonwoven cloth coated with PBVP-co-ST, 10) have also been reported. An electrochemical sensor for rapid determination of viable aerobic microbial cell concentration has y To whom correspondence should be addressed. Tel: +81-74-928-8363; Fax: +81-74-928-8528; E-mail: nkawabat@mat.usp.ac.jp Abbreviations: PBVP, poly(N-benzyl-4-vinylpyridinium chloride); PBVP-co-ST, an equimolar copolymer of N-benzyl-4-vinylpyridinium chloride with styrene; TTC, triphenyl tetrazolium chloride been realized based on the consumption of oxygen by living microbial cells captured on the surface of crosslinked PBVP. 11) We performed a real-time record of oxygen consumption using an oxygen electrode. This unique property of cross-linked PBVP and PBVP-co-ST was used to remove airborne microorganisms 12) and viruses. 13) Based on these experiences, we attempted to capture pathogenic microorganisms in soil on the surface of sawdust coated with PBVP-co-ST aiming to reduce infectious contact of the roots of plants with microbial cells. We did not anticipate disinfection by this method because PBVP-co-ST captured microbial cells alive. In addition, we expected high biodegradability for PBVP-co-ST, because cross-linked PBVP was rapidly digested by activated sludge when placed in an aerobic treatment system for artificial sewage. 14) Materials and Methods PBVP-co-ST. Commercial products of 4-vinylpyridine and styrene were purified as reported previously 10) before polymerization. Benzyl chloride, 2,2 0 -azobisisobutyronitrile, and other chemicals and solvents were used without further purification. PBVP-co-ST was prepared as described in a previous report. 10) Intrinsic viscosity was 0.26 dl/g when determined in ethanol that contained 10 g/l of MgCl 2 . 6H 2 O at 35 C. In addition, copolymer of N-benzyl-4-vinylpyridinium chloride with styrene in a molar ratio of 1:2 (PBVP-co-STa) was also prepared as a varied form of PBVP-co-ST with reduced biodegradability. The weight average molecular weight determined by GPC measurement was 116,000. Sawdust coated with 1 wt % of PBVP-co-ST or PBVP-co-STa was used to control tomato bacterial wilt.
Ralstonia solanacearum. Commercial products of triphenyl tetrazolium chloride (TTC), polymyxin B sulfate, chloromycetin, polypeptone, casamino acid, crystal violet, and other chemicals were used without further purification. R. solanacearum E. F. Smith, strain OE1-1, was obtained from Dr. Ryo Ishikawa of Takeda Chemical Industries, Ltd., Osaka, Japan. Cells were precultured at 30 C for 3 d on agar plates that contained TTC medium prepared by dissolving polypeptone (10 g), casamino acid (1.0 g), sucrose (6.0 g), TTC (50 mg), crystal violet (5 mg), and agar (16 g) in 1,000 ml sterilized distilled water. Pathogenic germ was distinguished by the formation of white colonies and cultured in a growth medium prepared by dissolving polypeptone (10 g), casamino acid (1.0 g), and sucrose (6.0 g) in 1,000 ml sterilized distilled water where pH was adjusted to 7.0 before sterilization by autoclaving at 121 C for 20 min. Cells were grown at 30 C for 5 d with shaking, harvested by centrifugation at 13,000g for 20 min, and washed three times with sterilized distilled water.
Tomato. Seeds of tomato (Lycopersicon esculentum Mill. cv. Momotaro) were purchased from Takii Seed Corporation, Kyoto, Japan. They were used without further pretreatment. They were sowed on wet sterilized absorbent cotton that was placed in a laboratory dish. The dish was allowed to stand in a growth chamber for about 7 d. After this procedure, young seedlings with two leaves were obtained and submitted for pot tests. The operation conditions of the growth chamber are described below.
Pot tests in a growth chamber. Test soil for the disease control was obtained from a farm of Kyoto Institute of Technology and mixed with 30 wt % of vermiculite. The mixture was sterilized by autoclaving at 121 C for 180 min. After 2 d, the autoclaving was repeated. Appropriate amounts of harvested cells of R. solanacearum were suspended in sterilized distilled water and added to a mixture of sterilized soil and coated sawdust, and the mixture was placed in flowerpots. Each pot contained 500 g of the soil mixture. Young seedlings were transplanted into the soil and allowed to stand in a growth chamber. The chamber was kept at 27
C with a 12-h photoperiod using fluorescent lamps. During the remaining 12 h, the growth chamber was kept at 17 C in the dark. Humidity was not controlled, and fluctuated between 75 and 85%. The content of water in the test soil was kept to around 120 g/kg. Diluted Hyponex solution was sprayed once a week.
The population of R. solanacearum in the soil was measured as follows. 15) Test soil (1.0 g) was sampled and added to sterilized distilled water (100 ml), and the mixture was stirred using an automatic mixer about 10 min, and was allowed to stand at room temperature. The bacterial cells crowded on to the surface of the coated sawdust by the coagulation-like interaction between coated sawdust and bacterial cells, discussed below, and were dispersed during the mixing procedure. On the other hand, during the standing procedure, soil particles and coated sawdust precipitated rapidly, and the surface layer became transparent soon after. After several minutes of standing, the supernatant layer (the transparent surface layer) was used for the measurement of viable cell count. The transparent supernatant layer did not contain cells of R. solanacearum captured on the surface of the coated sawdust, because the coated sawdust was removed from the supernatant layer by precipitation. Under these conditions, the amount of coated sawdust was 50 to 500 mg/l, because the test soil contained 5 to 50 g/kg of the coated sawdust. The coagulation-like interaction between coated sawdust and bacterial cells, discussed below, was not significant under the diluted conditions. During cultivation, the amount of coated sawdust per liter of water was 42 to 420 g, because the test soil contained 120 g/kg of water. Therefore, perhaps the population included bacterial cells crowded on to the surface of the coated sawdust due to the coagulation-like interaction between the coated sawdust and bacterial cells, but it did not contain the bacterial cells captured on the surface of the coated sawdust. A 0.1-ml portion of the supernatant layer was removed and quickly mixed with 0.9 ml of distilled water, and then decimal serial dilutions were prepared from this by taking 0.1 ml into 0.9 ml of sterilized distilled water and mixing. From these dilutions, the surviving R. solanacearum was counted on the TTC medium by the spread-plate method. After inoculation, the plates were incubated at 30 C, and the colonies were counted after 3 d. The counting was done in quintuplicate every time.
After cultivation, the coated sawdust was isolated from the test soil and washed with sterilized distilled water. Electron micrographs of the cells of R. solanacearum captured on the surface of isolated sawdust were recorded using a Hitachi S-3200N scanning electron microscope.
Degradation of PBVP-co-ST by treatment with activated sludge in soil. Biological degradation of PBVPco-ST was performed by a treatment with activated sludge in soil. Test soil was obtained from the shore of Lake Biwa, and was purified by washing with water using the Soxhlet extraction apparatus for 30 h. The purified soil was dried to constant weight before use. A polymer sample (50 mg) was dissolved in ethanol (10 ml) and mixed with purified soil (50 g). The mixture was then placed in a desiccator, and solvent was removed by drying under reduced pressure to constant weight.
Activated sludge was obtained from domestic sewage works immediately before biological degradation, and was washed three times with sterilized physiological saline. The purified activated sludge (0.71 g in wet weight corresponding to 50 mg in dry weight) and artificial sewage 16) with a COD concentration of 1,000 mg/l (10 ml) were mixed with test soil. The total amount of water in the test soil was kept around 150 g/ kg. The mixture was allowed to stand at room temperature. After a prescribed time, the remaining polymer was recovered by extraction with ethanol using the Soxhlet extraction apparatus for 100 h. Fine soil particles contained in the extractive were removed by centrifugation. The supernatant was placed in a rotary evaporator, and solvents were removed by evaporation. Ethyl acetate was added to the residue and recovered polymer was precipitated. Low molecular weight organic materials were removed by ethyl acetate. The precipitated polymer was isolated and dried to constant weight under reduced pressure. Prior to these experiments in biodegradation, a series of experiments was performed to ascertain the reliability of the recovery procedure.
Coagulation-like interaction between R. solanacearum and sawdust coated with PBVP-co-ST. Experiments were performed under aseptic conditions at room temperature using a suspension (50 ml) of R. solanacearum in sterilized physiological saline in a glass tube 28 mm in diameter and 20 cm long. Sawdust coated with 1 wt % of PBVP-co-ST or PBVP-co-STa (4.2 g) was added to the suspension, and the mixture was stirred using an automatic mixer for 5 min, and then allowed to stand at room temperature. After a prescribed time, the population of R. solanacearum in the supernatant layer was measured.
Results and Discussion
Control of tomato bacterial wilt using sawdust coated with PBVP-co-ST Experiments in disease control were performed using young seedlings of tomato and test soil that contained harvested cells of R. solanacearum and sawdust coated with 1 wt % of PBVP-co-ST. The seedlings were transplanted to test soil in flowerpots, and the pots were placed in a growth chamber.
The extent of disease was evaluated based on symptoms of individual seedlings, and classified into five categories: degree 0, no perceivable symptom was recognized; degree 1, symptom was limited only to tip of the seedling; degree 2, the whole body drooped but the seedling stood straight; degree 3, the seedling collapsed but the body was still greenish and watery; degree 4, the seedling withered and whole body was dry. The degree of the symptom was closely related to the population of R. solanacearum detected in roots. In the case of degree 1, R. solanacearum was not always detected and population was less than 10 7 cfu/g. In the case of degree 2, the population of R. solanacearum was generally less than 10 8 cfu/g. In the case of degree 3, the population was around 10 9 cfu/g. In the case of degree 4, the population was generally larger than 10 9 cfu/g. The extent of disease was evaluated based on the percentage of seedlings that showed any degree of symptom, and the effect of disease control was evaluated based on reduction in the percentage of symptoms.
In addition, the index of symptoms was defined as follows, taking degree of symptom of an individual seedling into consideration:
Here, A, B, C, D, and E are the numbers of seedlings that showed degrees of symptoms of 0, 1, 2, 3, and 4, respectively. In the case where all test seedlings collapse, the index is 100. On the contrary, when no symptom of disease is observed for any test seedlings, the index is 0. The effect of disease control was evaluated based on reduction of the index of symptoms.
The addition of an appropriate amount of coated sawdust controlled the disease. Figures 1 and 2 Closed triangles show the results obtained in the presence of R. solanacearum and 10 g/kg of non-coated sawdust. Obviously, non-coated sawdust did not exhibit control of the disease at all. On the other hand, open triangles indicate that addition of 5 g/kg of the coated sawdust effected a 40% reduction in appearance and a 24% reduction in the index of symptoms, respectively, after 6 weeks. Open circles indicate that the addition of 10 g/kg of coated sawdust effected a 92% reduction in appearance and a 87% reduction in the index of symptoms, respectively, after 6 weeks. Open squares indicate that the addition of 50 g/kg of coated sawdust effected a 49% reduction in appearance and a 31% reduction in the index of symptoms, respectively, after 6 weeks. The addition of 10 g/kg of coated sawdust was most appropriate. In this case, the amount of PBVP-co-ST added to the test soil was 100 mg/kg. Figures 1 and 2 indicate that the addition of coated sawdust predominantly effected reduction in the percentage of symptoms. This result suggests that the coated sawdust effected control of the soil-borne disease mainly due to the reduction of infectious contact between the roots of tomato and cells of R. solanacearum rather than restraining of progress of the symptom of individual seedlings. Figure 3 shows an electron micrograph of the coated sawdust isolated from test soil after cultivation where 10 g/kg of the coated sawdust was used. Sawdust coated with PBVP-co-ST captured cells of R. solanacearum on the surface, similarly to the case of non-woven cloth coated with PBVP-co-ST.
10)
Population of R. solanacearum in soil during cultivation Figure 4 shows the time course of the population of R. solanacearum in soil that was not captured on the surface of the coated sawdust. Closed circles show the experimental results obtained in the absence of the coated sawdust. Open triangles indicate that the addition of 5 g/kg of coated sawdust reduced the population to about 1/3. At a glance, the disease control can be explained in terms of the reduction of population effected by the addition of coated sawdust.
However, the open circles of Fig. 4 indicate that the addition of 10 g/kg of the coated sawdust did not exhibit a significant influence on the population, although tomato bacterial wilt was dramatically controlled under these conditions. Furthermore, the open squares of Fig. 4 indicate that the addition of 50 g/kg of the coated sawdust resulted in about a 50% increase in the population, in spite of the fact that tomato bacterial wilt was controlled to some extent under these conditions.
Thus, further investigation was required to understand the reason for the disease control effected by the addition of the coated sawdust. The population of R. solanacearum that was not captured by the coated sawdust increased with the amount of coated sawdust added to the test soil. This phenomenon can be explained in terms of the high biodegradability of PBVP-co-ST, i.e., R. solanacearum appeared to consume PBVP-co-ST as a component of nutrient due to high biodegradability, and resulted in proliferation.
When 5 g/kg of coated sawdust was added, capture of the microbial cells by the coated sawdust predominated over proliferation of the bacteria effected by PBVP-co-ST. However, when 50 g/kg of the coated sawdust was added, the proliferation effected by PBVP-co-ST greatly predominated over capture of bacterial cells by the coated sawdust. In the case where 10 g/kg of the coated sawdust was added, the two phenomena appeared to be balanced.
Biodegradation of PBVP-co-ST by treatment with activated sludge in soil
Biodegradation of PBVP-co-ST was performed by treatment with activated sludge in soil at room temperature. Figure 5 shows the time course of weight reduction during treatment. The residual weight is the total amount of polymeric materials recovered after treatment. The weight reduction followed first-order kinetics. The half-life of the degradation was 5.6 d, and suggested that 99.9% of PBVP-co-ST disappears during 2 months of the biological treatment. Although biodegradation of PBVP-co-ST in the natural environment might require a much more prolonged period, it is not necessary to fear severe persistence for PBVP-co-ST in the natural environment. Further research is required to elucidate the influence of degradation products derived from PBVP-co-ST on the ecological system before practical application of the new methodology. However, since microorganisms involved in activated sludge are fond of PBVP-co-ST and digest it rapidly, and it is not necessary fear severe persistence in the environment, PBVP-co-ST is hopefully harmonious with the natural environment.
Control of tomato bacterial wilt using sawdust coated with a varied form of PBVP-co-ST with reduced biodegradability Too much biodegradability of PBVP-co-ST is not desirable in the control of soil-borne plant disease, because it accompanies proliferation of microorganisms in the soil. Hence, we attempted to use PBVP-co-STa, a copolymer of N-benzyl-4-vinylpyridinium chloride with styrene in a molar ratio of 1:2, as a varied form of PBVP-co-ST with reduced biodegradability. Biodegradation of PBVP-co-STa was performed under the same conditions as for PBVP-co-ST. The residual weight after 2 weeks of treatment was 42%, and the half-life was about 10 d. Enrichment of styrene in PBVP-co-ST to prepare PBVP-co-STa certainly reduced biodegradability.
Control of tomato bacterial wilt by the addition of sawdust coated with 1 wt % of PBVP-co-STa was performed in a similar manner. When 10 g/kg of the coated sawdust was added, the population of R. solanacearum in soil that was not captured by the coated sawdust was less than 10 7 cfu/g, much less than that in the corresponding experiments for PBVP-co-ST, indicated by open circles in Fig. 4 , probably due to the reduced biodegradability of PBVP-co-STa. Contrary to our expectations, however, control of the disease by sawdust coated with PBVP-co-STa was not satisfactory. For example, the addition of 10 g/kg of the coated sawdust effected a 25% reduction in appearance and an 11% reduction in the index of symptoms, respectively, after 6 weeks. The addition of 20 g/kg of coated sawdust improved on this to some extent, but resulted in a 49% reduction in appearance and a 65% reduction in the index of symptoms, respectively, after 6 weeks, although proliferation of R. solanacearum was not very significant in this case. Enrichment of styrene in PBVPco-ST probably reduced the ability to capture microbial cells on the surface and resulted in reduced prevention of infectious contact between the roots of plants and microbial cells in soil, and gave unsatisfactory control of the disease.
Coagulation-like interaction between R. solanacearum and sawdust coated with PBVP-co-ST It is difficult to explain the disease control by the coated sawdust in terms of reduction of the population of R. solanacearum in soil that was not captured by the coated sawdust. As Figs. 1 and 2 indicate, the addition of 10 g/kg of the coated sawdust was most appropriate for disease control. However, as Fig. 4 indicates, the population of non-captured R. solanacearum under these conditions (open circles) was close to that in the absence of the coated sawdust (closed circles). As Figs. 1 and 2 indicate, the addition of 50 g/kg of coated sawdust effected a 49% reduction in appearance and a 31% reduction in the index of symptoms after 6 weeks, but as Fig. 4 indicates, the population of non-captured R. solanacearum (open squares) was much higher than that in the absence of the coated sawdust (closed circles). Therefore, we suspected another unknown interaction between cells of R. solanacearum and the coated sawdust, and investigated the interaction in the absence of soil. Since we used 10 g/kg of the coated sawdust under the most appropriate conditions, and the test soil contained about 120 g/kg of water, we performed a series of additional experiments using harvested cells of R. solanacearum suspended in 50 ml of sterilized physiological saline and 4.2 g of sawdust coated with 1 wt % of PBVP-co-ST or PBVP-co-STa.
In a test tube, coated sawdust was added to a suspension of R. solanacearum in sterilized physiological saline. The mixture was vigorously stirred for 5 min, and was kept standing at room temperature. After a prescribed time, the population of R. solanacearum in the supernatant layer was measured. The time course of the supernatant population is shown in Fig. 6 . Closed circles indicate the data obtained in the absence of coated sawdust. No significant change in population was observed. On the contrary, open circles indicate the data obtained in the presence of sawdust coated with PBVPco-STa. The addition of coated sawdust effected a remarkable reduction in the supernatant population. The rate of reduction of the population was about 1/100. On the other hand, in the case where sawdust coated with PBVP-co-ST was added, R. solanacearum was not detected in the supernatant layer. In this case, the supernatant population was less than 10 2 cfu/ml. The rate of reduction in the population was assumed to be 1/ 1000 or less.
We found sedimentation of visually recognizable thin flocks of R. solanacearum on the surface of the coated sawdust. This phenomenon has been overlooked in previous studies on capture of microbial cells on the surface of beads of cross-linked PBVP 7, 11) or cellulose or non-woven cloth coated with PBVP-co-ST. 10, 12) Visual recognition of microbial cells captured on these surfaces is impossible, because the microbial cells were captured in a monolayer state. Therefore, visually recognizable flocks appeared to be crowded cells of R. solanacearum. Formation of visible flocks settled on the surface of sawdust coated with PBVP-co-ST closely resembled coagulation of microbial cells by PBVP. 17) In this report, therefore, sedimentation of bacterial flocks on the surface of coated sawdust is called ''coagulation- In the presence of 4.2 g of sawdust coated with 1 wt % of PBVPco-ST, R. solanacearum was not detected in the supernatant layer, and the supernatant population appeared to be less than 10 2 cfu/ml.
like interaction'' between bacterial cells and coated sawdust. The state of microbial cells in flocks formed by coagulation using PBVP 17) and the ''coagulation-like interaction'' is completely different from that of microbial cells captured on the surface of cross-linked PBVP. 7) Flocks formed by coagulation 17) or the ''coagulation-like interaction'' were easily loosened by shaking the glass tube. On the contrary, it is extremely difficult to remove captured microbial cells from the surface of cross-linked PBVP.
7) The capacity of crosslinked PBVP to capture microbial cells on the surface showed limitations due to surface area, and every possible effort to restore the ability to capture microbial cells again ended in failure. Therefore, it is quite reasonable to consider that the population shown in Fig. 4 includes bacterial cells settled on the surface of the coated sawdust due to the ''coagulation-like interaction'', but does not include bacterial cells captured on the surface of the coated sawdust.
As Fig. 4 indicates, the population observed in the presence of 10 g/kg of coated sawdust (open circles) was close to that observed in the absence of coated sawdust (closed circles), although tomato bacterial wilt was dramatically controlled by the addition of 10 g/kg of coated sawdust (Figs. 1 and 2 , open circles and closed circles). Studies on the interaction between the coated sawdust and the bacterial cells suggested that the population of free cells in soil was reduced at least to less than 1/1000 when 10 g/kg of the coated sawdust was added. Thus, the disease control can be explained in terms of the coagulation-like interaction.
As Fig. 4 indicates, the population observed in the presence of 50 g/kg of the coated sawdust (open squares) was 30 to 70% larger than that observed in the absence of the coated sawdust (closed circles), although tomato bacterial wilt was controlled to some extent by the addition of 50 g/kg of coated sawdust ( Figs. 1 and 2 , open squares and closed circles). Studies on the interaction between the coated sawdust and the bacterial cells suggested that the population of free cells in soil was reduced at least to less than 1/1000 when 50 g/kg of the coated sawdust was added.
These observations prompted us to consider that the ''coagulation-like interaction'' between the coated sawdust and cells of R. solanacearum plays an important role in the control of tomato bacterial wilt, in addition to the capture of bacterial cells on the surface of the coated sawdust, as shown in Fig. 3 . This coagulation-like interaction might reduce infectious contact of roots of plants with cells of R. solanacearum in soil. Sawdust coated with PBVP-co-ST indicated stronger coagulation-like interaction against bacterial cells than sawdust coated with PBVP-co-STa, in accordance with the result that the former coated sawdust indicated more effective control of soil-borne disease.
The excellent biodegradability of PBVP-co-ST is desirable for use in the natural environment, because it is not necessary to be afraid of severe persistence in soil. However, the biodegradability accompanies proliferation of microorganisms in soil, and we must avoid the addition of too much of the coated sawdust. The most appropriate amount of coated sawdust should be determined taking the balance of the two opposed effects carefully into consideration. The next step in this research is an examination of the practical utility of the new green chemical methodology in the field.
